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Changes in the structure and electrical behaviour of the left atrium are known to occur with conditions that predispose to atrial fibrillation (AF)
and in response to prolonged periods of AF. We review the evidence that changes in myocardial thickness in the left atrium are an important
part of this pathological remodelling process. Autopsy studies have demonstrated changes in the thickness of the atrial wall between patients
with different clinical histories. Comparison of the reported tissue dimensions from pathological studies provides an indication of normal ranges
for atrial wall thickness. Imaging studies, most commonly done using cardiac computed tomography, have demonstrated that these changes may
be identified non-invasively. Experimental evidence using isolated tissue preparations, animal models of AF, and computer simulations proves
that the three-dimensional tissue structure will be an important determinant of the electrical behaviour of atrial tissue. Accurately identifying
the thickness of the atrial may have an important role in the non-invasive assessment of atrial structure. In combination with atrial tissue
characterization, a comprehensive assessment of the atrial dimensions may allow prediction of atrial electrophysiological behaviour and in
the future, guide radiofrequency delivery in regions based on their tissue thickness.
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Introduction

Changes in the structure and electrical behaviour of the left atrium
are known to occur with conditions that predispose to atrial fibril-
lation (AF) and in response to prolonged periods of AF. The tem-
poral progression, as well as the relative importance of, structural
and electrical remodelling remains obscure and is likely to vary
among patients with AF. The human left atrial (LA) wall is a thin
structure, which has made it difficult to assess in vivo until recently.
Traditional assessment of the LA has been restricted to chamber
size and flow measurement; however, as technology and experience
with high-resolution cross-sectional imaging techniques have
improved, the accurate assessment of the atrial wall has become a
realistic prospect. Although AF can be effectively treated with radio-
frequency catheter ablation (RFCA), for some groups outcomes re-
main suboptimal. The identification of structural parameters that
may optimize patient selection and refine treatment delivery has
therefore assumed greater importance. We review the published
data regarding the thickness of the left atrial wall (LAWT) in patho-
logical specimens and from imaging studies. We discuss the evidence

that LAWT is a parameter that varies with clinical status, the poten-
tial for its use as a marker for pathological atrial remodelling and the
evolving evidence emphasizing the importance of the three-
dimensional structure of the atrial wall in arrhythmogenesis. Finally,
we consider the role of LAWT in predicting the response to invasive
treatment of AF and its potential for improving the safety of RFCA
procedures.

Atrial wall thickness: pathological
assessment and effect of
cardiovascular comorbidities

Direct examination of atrial tissue in the ex vivo state has provided
valuable information about atrial structure. Left atrial wall thickness
has been systematically measured in a number of post-mortem stud-
ies, which are summarized in Table 1. The left atrium is a thin-walled
structure whose shape and volume is likely to be highly sensitive to
changes in loading conditions. This is relevant to any conclusions
drawn about LA shape and wall thickness drawn from specimens
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examined in the ex vivo state. The tissue fixing process represents a
potential source of error when attempting to establish the LA struc-
ture in the thorax from tissue specimens.

There is significant variation in LAWT between patients when
considered in pathological studies. The majority of studies report
average measurements of wall thickness between 1 and 4 mm'~*
with a range of reported measurements extending between 0.5*
and 12 mm.? Regional differences in atrial wall thickness are consist-
ently identified in these studies. There is agreement among the
tissue-based studies that the posterior wall thickness increases
when moving from the superior aspect to the inferior aspect.3‘5 Dif-
ferent conclusions are reached regarding comparative tissue thick-
ness between the anterior and posterior wall.>® In addition to
changes in wall thickness, an age-related increase in LA intimal thick-
ness, fibrosis, and disorganization has been identified in pathological
specimens of human atria.’

A group of pathological studies have compared LAWT measure-
ments between groups of patients with different clinical profiles.
Wolf et al.® compared post-mortem atrial wall thickness in young
patients who had undergone Fontan procedure palliation for uni-
ventricular physiology with controls who had died from non-cardiac
disease. As expected the right atrium was significantly thicker in
those treated with Fontan procedure. The mean LAWT was also
0.5 mm thicker in the Fontan group than in the control group. In
the largest cohort of measurements of LAWT reported in a tissue-
based study, Platonov et al.> considered the posterior LA wall in 298
consecutive pathological specimens at routine autopsy. In this study,
the posterior LA wall was significantly thinner in patients with a his-
tory of AF when compared with those without a history of AF. In
this study, the mean posterior wall thickness was 2.6 and 2.9 mm,
respectively, in the middle and inferior portion of the posterior
wall in the no-AF group, and 0.4 mm lower at each level in the AF
group.”

While atrial remodelling occurring in response to changes in atrial
pressures resulting in increased atrial wall thickness in the context of
a Fontan circulation is a plausible and likely sequence of events, es-
tablishing the temporal relationship between atrial structural
changes and the development of atrial arrhythmias is more challen-
ging. Structural changes (including changes in atrial wall thickness)
are likely to result from pathological remodelling in response to al-
tered haemodynamics occurring in conditions that predispose to
AF. In addition, atrial structural remodelling is known to occur
with prolonged episodes of AF itself and this may include changes
in LAWT. Myocyte hypertrophy is seen in many different animal
models of AF."® Regardless of the temporal sequence of events, it
is possible that if it could be assessed non-invasively, atrial wall thick-
ness could become a useful marker of atrial pathological remodel-
ling in patients at risk of, or already diagnosed with, AF.

Non-invasive assessment of left atrial wall
thickness

Until recently, echocardiography was the only widely available tool
available for cardiac structural assessment in AF patients. A very
large evidence base has been collected that comprehensively de-
monstrates the value of echocardiographic atrial assessment. Two-
dimensional estimates of atrial size were traditionally used to

measure and follow atrial dilatation, and robust follow-up data docu-
ment the value of this as a measure of atrial remodelling that has
been shown independently predict progression of AF." Novel
echocardiographic markers'* add additional value, and Doppler
techniques allow non-invasive assessment of transmitral flow.”?
These features will ensure that echocardiography remains a key
part of the imaging assessment of AF patients. Despite these
strengths, at present echocardiography is not well suited to the as-
sessment of atrial tissue thickness. Transthoracic echocardiography
does not routinely provide adequate spatial resolution to allow as-
sessment of LAWT, although it has been reported for this indica-
tion." Transesophageal echocardiography (TEE) or intracardiac
echocardiography (ICE) provides the highest spatial resolution.
Transesophageal echocardiography was used to identify an increase
in the interatrial septum thickness (IAST) in patients with a history of
AF." Intracardiac echocardiography (with a maximum spatial reso-
lution of 0.2—0.3 mm) has been demonstrated to accurately assess
changes in right atrial wall thickness following application of radio-
frequency (RF) energy in an experimental model.’® Changes in
wall thickness were also demonstrated to correlate with depth of
lesion formation. The invasive nature of these investigations and
the limited extent of atria TEE can image'’ means that in general
these investigations have been limited to the peri-procedural period
where their value is clearly established.

Cardiac magnetic resonance (CMR) imaging has emerged as the
optimal modality for myocardial tissue characterization. Ventricular
imaging using CMR is now acknowledged as the gold standard for
the identification and localization of scar'® as well as for the assess-
ment of ventricular function. More recently, atrial myocardial im-
aging has expanded and it now has a key role in the assessment of
patients with atrial arrhythmias. Cardiac magnetic resonance has
been used to identify pathological atrial remodelling through the
identification of fibrosis."> Accumulating evidence suggests that
this may be useful in the prediction of disease progression. Cardiac
magnetic resonance has been used in animal models?® and clinical
studies®' to identify RF lesions. In some centres, CMR has been
used to identify gaps in lesions to guide further invasive treatment
of AF.22 Novel indices of atrial remodelling including shape assess-
ment may offer additional value in prediction of response to invasive
treatment of AF.2*** Cardiac magnetic resonance will remain a crit-
ical tool for atrial assessment in pre- and post-ablation patients. The
most effective way to harness the power of CMR to assess different
groups of AF patients continues to be refined, tested, and de-
bated.?>® Cardiac magnetic resonance has been used in a small
number of studies to assess LAWT. Hsing et al.>’ measured
LAWT at a single atrial site and demonstrated an increase in
LAWT of around 4 mm following application of RF energy at a single
site in the left atrium. In addition, Yokokawa et al.?® report that the
magnitude of change in LAWT following application of RF energy at
discrete anatomical sites is a predictor of early recurrence of AF.
The mean measured wall thickness prior to application of RF energy
in Hsing et al’s study was 7 mm, a greater value than reported in the
majority of pathological studies and other imaging studies. This is
likely to reflect an averaging effect seen in which the spatial reso-
lution of the imaging technique is below that of the structure being
imaged (‘partial volume effect’). While CMR is the optimal modality
for atrial tissue characterization, the ability of CMR to precisely
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identify atrial wall thickness in this case may be limited by the spatial
resolution of currently available commercial CMR systems.

Computed tomography (CT) has emerged as the optimal modal-
ity for assessing the LA wall and, in addition, provides information
about LA structure and shape under in vivo loading conditions. A
number of studies have used cardiac CT to assess LAWT and these
are summarized in Table 2.

In the first study to measure atrial wall thickness using cardiac CT,
Lemola et al.>® took measurements of the thickness of the posterior
LA wall at three different levels. In contrast to pathological studies,
no significant differences in the LAWT at the superior, middle, and
inferior level were identified. Hoffmeister et al.>® report a mean
LAWT of 2.4 + 0.5 mm without further details of the measurement
locations, the method of defining the boundaries of the wall, or the
orientation chosen for the measurement. Beinhart et al.*" examined
CT scans from consecutive patients undergoing persistent AF abla-
tion and recorded LAWT measurements from 12 pre-determined
locations. Measurement was taken at the thickest measurable mus-
cular segments and demonstrated significant inter- and intra-patient
variability in LAWT measurements. When viewed alongside the re-
sults of tissue studies from similar locations, the CT measurements

are generally lower than the tissue measurements.’>~’

Association between left atrial wall
thickness and clinical characteristics

Left atrial wall thickness has been demonstrated to increase be-
tween the ages of 50 and 79.%? In the same study, Pan et al.** also
observed the anterior LAWT was significantly greater than poster-
ior LAWT in 180 patients without coronary or other known cardiac
disease. These results are consistent with those results from several
pathological studies®>>
Ho et al.®

Imada et al.** did not identify a significant difference between

while discrepant with the results from

measurements of atrial wall thickness taken from the anterior wall
between patients with paroxysmal AF (PAF) and non-PAF. In this
study, the mean LAWT was 2.6 mm in both groups. Nakamura
et al.** found that the anterior LAWT was significantly thicker in pa-
tients with PAF (LAWT 2.4 + 0.2 mm) when compared with both a
group with no history of AF (LAWT 1.9 4+ 0.2 mm) and a group with
non-PAF (LAWT 2.1 4+ 0.2 mm). This CT-based study indicates that
LAWT is a variable that may change with the presence of type of AF.
The identification of an increase in anterior LAWT with PAF that re-
gresses with the transition to persistent AF is of great interest, sug-
gesting a complex progression of changes in atrial anatomy in
parallel with well-documented atrial dilatation (Figures 1 and 2).3
With the exception of a single tissue-based study, measurements
of LAWT taken on CT are lower than those reported from ex vivo
tissue samples.”"6 This may relate to the different loading condi-
tions of the atria in the in vivo state when compared with the ex
vivo state. It is also possible that there is a systematic underestima-
tion of LAWT by CT. Computed tomography studies have not
demonstrated the variation in LAWT seen at the different levels
of the posterior wall that has been reported in pathological studies.
It is not clear whether the variation in the posterior LAWT mea-
sured on pathological specimens reflects a change in atrial geometry
between the in vivo and the ex vivo state, and is therefore an artefact

from preparation of the tissue samples, or whether this represents
an insensitivity of the imaging modality to identify this variation.
An important challenge in CT assessment of LAWT is the accur-
ate identification of the epicardial and endocardial surfaces. This is
an inherent limitation of the imaging modality as a result of the
low tissue contrast at the epicardial boundary. In CT imaging, the
Hounsfield unit (HU) intensity is used to discriminate between
the tissue types. In some areas, the atrial wall will have similar HU
intensity to neighbouring structures (e.g. the aortic wall and the oe-
sophagus), which will make accurate identification of the epicardial
surface challenging. There is no consensus on the optimal method
for identifying the borders between which measurements are taken.
As more experience is gained, it seems likely that there will be in-
creased use of automated algorithms for assessing these boundaries,
as has been seen in the most recent studies.>”*® In addition, all stud-
ies so far have assessed LAWT in a single dimension at a discrete
number of locations and extrapolated these measurements as rep-
resentative of either regional or global LAWT. Given the anatomical
complexity of the LA, it may be helpful to exploit the full data set
available in order to make an assessment of LAWT. A novel method
designed to make a three-dimensional assessment of LAWT that has
been validated in a LA phantom has recently been reported.*” Fol-
lowing identification of the epicardial and endocardial borders, non-
intersecting field lines are derived between the two surfaces. This
allows perpendicular measurements to be automatically calculated
between these field lines, which provides wall thickness measure-
ments throughout the atrium. If validated in a clinical setting, a global
LAWT assessment will offer more detailed, accurate, and reprodu-
cible measurements to be identified from current imaging as well as
offering the potential to derive estimates of atrial tissue mass.

Effect of atrial wall thickness on atrial
electrophysiology

The “critical mass hypothesis’ was originally proposed in 1914 as
one of several early theories to explain the pattern of electrical ac-
tivity responsible for AF. Although in the intervening decades our
understanding of AF has progressed, many contemporary models
of the electrical patterns required to sustain fibrillation in atrial tis-
sue also depend upon a critical mass of tissue being present,
whether they depend upon the propagation of multiple wave-
lets*'~** or the existence of localized focal re-entrant mechanisms
driving AR~

Experimental evidence in support of a critical mass of atrial tissue

* and Lee et al.>°

being required to sustain AF comes from Byrd et a
who demonstrated that the size of tissue sections correlated with
the probability of being able to induce sustained AF within the sec-
tions These data are in keeping with the progressive atrial dilatation
seen over time with AF, and its reconciliation with the long-held
observation that ‘AF begets AF"*"'

In addition to simple quantification of atrial mass impacting upon
the ability of atrial tissue to sustain arrhythmias, investigators have
considered the impact of the complex atrial architecture upon the
electrophysiological mechanisms involved in atrial arrhythmias.
Using high-density simultaneous electrode mapping of the epicardial
and endocardial surface of the right atrium in isolated perfused ca-
nine myocardium, Schuessler et al.>? demonstrated differences in
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Figure | Human atrial anatomy: pathological specimens with corresponding anatomical landmarks from Carto electro-anatomical map of right
atrium under anteroposterior projection (purple) and left atrium under modified left anterior oblique projection (green). (A—E) Reproduced with
permission of BMJ publishing group from Wang et al.*® (A) Right atrium opened through an incision that passes parallel to the right coronary artery
to the tip of the appendage and then through the terminal crest (O—O) into the superior vena cava. Pectinate muscles arise along the length of the
terminal crest (+ +) towards the coronary sinus (*). There is a prominent Eustachian valve in this specimen. (B) Atria viewed from behind showing
intercaval bundle after pericardium removed. (C) Tricuspid valve viewed from the right atrium with the endocardium removed to reveal the in-
ternal circumferential bundle (arrows) encircling the vestibule. The pectinate muscles (lines) are perpendicular to the circumferential bundle. ‘+’
indicates terminal crest. (D) External view of left atrium showing tubular appendage with arrow junction to pulmonary veins. (E) Internal aspect of
left atrium demonstrating fossa ovalis on the septum. Pectinate muscles are confined to the appendage. The vestibule leading to the mitral valve

(MV) is smooth.

the timing of activation between the two surfaces. In addition, the
voltage amplitude of the signals measured corresponded to the at-
rial tissue thickness. Finally, they demonstrated that the atrial wall is
capable of harbouring re-entrant circuits that exist between the epi-
cardial and endocardial surface, rather than existing on one or the
other surface as had previously been modelled. Everett et al.>> mea-
sured the endocardial and epicardial activation sequences of experi-
mental AF in five different canine models of AF. This study also

demonstrated transmural differences in activation pattern seen in-
dependently in each model,>® providing further confirmation of
the transmural patterns of electrical activation seen in fibrillating
atria.

In Langendorf-perfused sheep hearts, Klos et al.>* further charac-
terized the effect of tissue structure in experimentally induced AF.
They identified abrupt changes in the myocardial thickness and
changes in muscle fibre orientation as being the key structural
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lateral ridge

10 mm

great cardiac
» vein

vestibule

Figure 2 Tissue section of human atria reproduced with permission from Cabrera et al* (A) Endocardial surface of the left lateral wall and (B)
with translumination showing the prominent lateral ridge(*) interposed between the left atrial appendage (LAA) and the left pulmonary veins.
Muscular trabeculations denoted by red arrows extend inferiorly from the ridge to the vestibule. The dotted line marks the mitral valve (MV)
annulus. Lines ‘a’ and ‘b’ mark the sites where measurements were taken in this study. (C) is a section through line ‘a’ to demonstrate the thickness
of the ridge. Also seen in the left circumflex coronary artery (LCX), coronary sinus (CS), and left ventricle (LV).

determinants of wavebreak,54 that was often implicated in the initi-
ation of AF. They explained this on the basis of a significant change in
the source—sink relationship that a propagating wave of depolariza-
tion would meet at boundaries between thick and thin atrial wall, as
previously identified in other anatomic sites>> and in vitro.>® Lines of
functional conduction block have been identified during normal si-
nus rhythm and correlated with change in fibre geometry and wall
thickness at comparable locations in the human atrium.”’

Abrupt changes in tissue thickness are also implicated in the me-
chanisms sustaining periods of AF.>® In Langendorff-perfused sheep
hearts, the activation sequences in normal hearts and those sub-
jected to chronic rapid atrial pacing (RAP) were mapped optically
when AF was induced. Computer-based stimulations, incorporating
myocardial wall thickness, atrial stretch, and ion channel behaviour,
based on the experimental results, demonstrated that transitions in

myocardial thickness stabilize ‘atrial scroll waves’ (ASW, three-
dimensional patterns of re-entry spanning the full thickness of the
myocardium®), which may be considered as sources with the po-
tential to drive AF.

High-density epicardial mapping of patients at cardiac surgery
with AF of differing durations®® and in vivo high-resolution epi- and
endocardial mapping in a goat model of AF with a range of dura-
tions®! demonstrated that the degree of dissociation between the
epicardial and endocardial activation increased with longer duration
of AF. This work has formed the basis for a new interpretation of the
multiple wavelet hypothesis, known as the ‘double-layer’ hypothesis.
While the double-layer hypothesis proposes ‘anarchical’ electrical
activity as the basis for fibrillation in the atrium and is therefore a
fundamentally different explanation to those based on ‘hierarchical’
electrical activity, the dissociation of activation between the
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Figure 3 Recent examples of the use of cardiac CT to assess LAWT demonstrating evolving methodology. Panel 1 reproduced with permission
from Beinart et al.>! Standardized planes for measuring LAWT manually. (A) Oblique coronal plane parallel to posterior wall of LA (in maximum
intensity projection). (B) Axial plane perpendicular to coronal plane at the level of the mitral isthmus. (C) Saggital plane orthogonal to the original
plane near the ostium of the left pulmonary vein. Panel 2 reproduced with permission from Wi et al.>” Semi-automatic measurement of the LAWT
based on histogram intensities (projected onto CT image) after manually selecting a region containing the LA wall. Panel 3 reproduced with per-
mission from Dewland et al.*® An example of an automated, computer-based segmentation of the LA wall. (A) Axial plane of contrast-enhanced
cardiac CT with anterior LA wall identified by red box. (B) An expanded illustration of this region with LA wall identified by computer algorithm on
the basis of voxel intensity. Panel 4: a semi-automated approach to LA wall segmentation based on HU intensity that has been used to generate
whole chamber LAWT maps as reported by Bishop et al.>* Left hand image demonstrates a multiplanar-reconstructed CT image of the left atrium.
Expanded region shows the LA roof and right superior pulmonary vein with LA wall as identified by computer algorithm in yellow. Right image is a
visual representation of the LAWT throughout the chamber calculated using the method reported by Bishop et al. based on generating field lines
and solving the Laplace equation.
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epicardial and endocardial surfaces reinforces the concept that the
three-dimensional structure of the atria will play a significant role in
determining the electrical activity on which AF depends.

Recent simultaneous epi- and endocardial optical mapping study®
in coronary perfused ex vivo human right atrial specimens has demon-
strated the capacity of human atrial tissue to harbour stable intramural
re-entry circuits. This work is the first demonstration of the ability of
human atrial tissue to harbour intramural re-entry and contributes fur-
ther evidence in support of the importance of the complex atrial
microstructure in determining electrophysiological behaviour.

A number of clinical studies have reported evidence suggesting
atrial tissue dimensions may predict the local atrial electrophysio-
logical behaviour in patients undergoing AF ablation. Tissue thick-
ness as measured on CT has been correlated with the presence
of complex fractionated atrial electrograms (CFAEs),?” scar as
defined by endocardial voltage amplitude® and proportion of endo-
cardium in which CFAEs may be identified.** While the significance
of CFAEs is uncertain, these studies suggest the possibility of pre-
dicting in vivo electrophysiological behaviour with anatomy assessed
using cardiac CT (Figures 3 and 4).
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Figure 4 The correlation of CT-measured LAWT with clinically measurable electrophysiological phenomena. Reproduced with permission
from Wi et al.>” Left hand panel (A) is colour map representing the summation of CFAEs across the left atrium under an anteroposterior projec-
tion. On the left hand side (B) is the CT image from which LAWT measurements were made with representative measurements. In this report,
CFAEs were observed more frequently in regions with increased atrial wall thickness (sites 1 and 5).

There remain many outstanding questions about the spatio-
temporal organization of atrial electrical activity during human AF,
but a crucial role for the three-dimensional characteristics of the
tissue involved seems increasingly likely.

The impact of left atrial wall thickness
on treatment: safety and efficacy
considerations

Prior to invasive electrophysiology study and AF ablation, Suenari
et al.®®> compared CT-determined LAWT at a range of LA and pul-
monary venous locations between those who experienced a recur-
rence of AF and those who did not. The study identified greater
wall thickness at the superior left lateral ridge (LLR, the region de-
fined as that between the left pulmonary veins and the LA appendage)
in those who experienced a recurrence of AF after a single pulmonary
vein isolation procedure, while in other areas there was no difference.
As well as measuring increased LAWT in AF patients when compared
with controls, Takahashi et al.®* found the wall of the left atrium—
pulmonary vein junction to be significantly thicker at sites of
adenosine-provoked pulmonary vein reconnection following pul-
monary vein isolation (PVI), an observation that is consistent with fail-
ure to achieve a local transmural lesion. These studies indicate that
atrial wall thickness may be a useful predictor of response to AF ab-
lation and in the future may have a role in the prediction of response
to and, ultimately, titrating delivery of, RF energy during AF ablation.

In addition to the use of CT for the assessment of LAWT, it has
been used for the acute assessment of RF lesions. Girard et al.*® de-
monstrated the identification of ventricular RF lesions in porcine
ventricular tissue using C-arm CT. The identification of RF lesions

has been more extensively investigated using MRI®” ~%; however,
the demonstration of CT'’s ability to identify acute RF lesions opens
up the possibility of exploiting CT’s higher spatial resolution in the
atria to assess these lesions acutely as well.

The incidence of a significant complication associated with a cath-
eter ablation procedure is 4—5%.”%”" The most serious complica-
tions of RFCA are due to perforation of the atrial wall.”>”? Risk of
atrial perforation during ablation is likely to depend at least partly
upon LAWT. It is recognized that RF application on the posterior
LA wall is associated with a greater risk of serious complications
than elsewhere because of oesophageal proximity, and current
guidelines recommend the use of lower energy when RF is applied
here.”* An imaging modality that could localize areas of decreased
wall thickness more precisely may facilitate safer RF energy delivery.
If a technique could simultaneously identify regions of increased wall
thickness and it could be demonstrated that these required differen-
tial energy applications for successful transmural lesion creation, the
assessment of LAWT would rapidly assume a central role by facili-
tating tissue tailored lesion delivery and the possibility of safety and
efficacy dividends.

Conclusions

The left atrium is the critical cardiac chamber in the pathophysiology
of AF, and the success of current treatments for AF is highly depend-
ent upon the ability to create contiguous, transmural lesions. Car-
diac CT is the optimal imaging modality to measure atrial wall
thickness, and there has been a recent increase in the number of re-
ports using CT for this indication. Electrophysiological behaviour
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appears to change with wall thickness profile both under experi-
mental conditions and in vivo. A systematic examination of the effects
of changes in wall thickness on local electrophysiology in vivo would
likely contribute to this investigation. In addition, the accurate
assessment of atrial wall thickness may provide important safety
information prior to the delivery of RF energy and has the potential
to improve the safety of AF ablation.
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